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Japan’s previous large earthquakes have caused minimal harmful damage to shallow foundations for highway bridges. Conventional
earthquake designs have ensured stability within the conventional safety standards effective against small-to mid-scale seismic forces.
Although such conventional stability checks are empirically thought to provide a sufﬁcient margin of safety for highway bridge
foundations, and even against larger earthquakes, this perception has not yet been thoroughly justiﬁed. CAESAR, at PWRI, has
recently developed a new macro-element capable of expressing the seismic behavior of shallow foundations with reasonable accuracy.
Accordingly, this paper presents a parametric study conﬁrming the importance of conventional design criteria and computing the
differences in the seismic permanent displacement of pier-shallow foundation systems by differentiating the values of safety factors
incorporated in the conventional design criteria. Within the several conventional design parameters reviewed, this study ﬁnds that checks
using the pseudo-static bearing capacity may not be as important as commonly assumed.
& 2012. The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Design standards for shallow foundations for highway
bridges in Japan are similar to those in many other parts of
the world. Safety, in terms of resisting bearing failure,
sliding failure, and/or overturning, is ascertained in addi-
tion to checking the degree of settlement at the at-rest2. The Japanese Geotechnical Society. Production and
ier B.V. All rights reserved.
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ss: caesar@pwri.go.jp (M. Shirato).status, as are typically considered in many other design
codes and standards (AASHTO, 2002; Orr and Farrell,
1999). For conventional earthquake designs, the seismic
lateral coefﬁcient generally ranges from 0.15 to 0.3, as
functions of the degree of regional seismic activity, the
natural frequency of structures, etc., as it corresponds to
frequent-scale earthquakes.
Based on the earthquake damage reports of the Public
Works Research Institute in Tsukuba, Japan, little to no
damage to shallow foundations for highway bridges, such
as noticeable settlement and inclination, has been reported
even following major earthquakes, such as the 1948 Fukui,
the 1954 Niigata, the 1978 Miyagi-ken Oki, the 1983
Nihonkai Chubu, the 1995 Hyogo-ken Nanbu (Kobe),
the 2004 Niigata Chuetsu, the 2007 Niigata Chuetsu Oki,
and the 2008 Iwate-Miyagi Nairiku Earthquakes (e.g.,
PWRI, 1997). The minor exceptions occurred when a few
shallow foundations were dragged by landslides in hilly
areas. Accordingly, conventional design parameters are
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earthquakes. However, the degree of relevance of the
various design criteria in preventing excessive settlement
or inclination has never been either theoretically or
numerically ascertained.
Recently, PWRI’s CAESAR in Tsukuba, Japan, devel-
oped a new macro-element that demonstrates reasonable
accuracy based on comparisons with experimental results.
Incorporating this new macro-element model, the present
study attempts to reconﬁrm the degree to which each
individual conventional design criterion contributes to the
prevention of permanent footing displacements, such as
settlements and inclinations, during rare-scale earthquakes.
Parametric dynamic computations of the behavior of
superstructure-pier-shallow foundation systems subjected
to rare-scale earthquakes, by gradually decreasing the
safety factors given to the shallow foundation systems,
are performed.2. Examined substructures
Five simple substructures are chosen from Japanese
design case histories as proto-type substructures, as shown
in Table 1. From among the bridge geometries in common
use, we chose three 3-span continuous girder bridges and
two 2-span simple support bridges. The piers are of the
single-bent type and the shallow foundations are on stiff,
cohesionless soils corresponding to Group I seismic
ground conditions of the Japanese Speciﬁcations for High-
way Bridges (Japan Road Association, 2002), in which
Group I has stiff sites with Tgo0.2 sec, where Tg is the
natural period of the ground. The selected 3-span contin-
uous girder bridges are supported by a ﬁxed bearing and
three expansion bearings. All the bridges in the present
study have simple and similar geometries such that the
differences in seismic permanent displacement will be
mainly deduced from the difference in shallow foundations
rather than bridge by bridge.
A single pier with a ﬁxed bearing is chosen for each
bridge. All examined piers are either 10 or 15 meters high,Table 1
Summary of selected proto-type structures.
# Structural
typea
Pier
height
(m)
Natural
vibration
period (s)b
Bearing
layer
F
B
1 CG 10 0.429 Gravel 9
2 CG 15 0.599 Gravel 10
3 CG 15 0.491 Gravel 10
4 SG 10 0.345 Gravel 5
5 SG 15 0.573 Gravel 6.
aCG¼three-span continuous girder bridge, SG¼multi-span simple girder b
bObtained by the eigenvalue analysis of the whole structure including the s
cB¼footing width in the rotation direction in the calculation, L¼footing l
dhG¼height of the gravity center of the superstructure–pier–footing systemwith no initial eccentricity of vertical load. In the following
calculations, the material parameters are derived from
their original design reports.
In addition to these proto-type substructures, the sub-
structures also vary from the prototype substructures. Our
simulations reduced the length and the width of the
footings in increments, but without modiﬁcations to other
parts, such that the reduced footing sizes consequently
violated the design criteria. A total of 20 substructures are
examined.3. Earthquake wave inputs
Paolucci (1997) investigated the relationship between the
characteristics of earthquake motion inputs and the per-
manent displacement of shallow foundations using a
simple, elasto-perfectly plastic macro-element. Although
his macro-element is much simpler than that which the
present study incorporates, he found that the Arias
Intensity of earthquake motion input should be a key
factor in the seismic permanent displacement of shallow
foundations. Accordingly, the present study chose both
Type I and Type II earthquakes of the Level II Earthquake
Ground Motion as listed in Table 2 in reference to the
Japanese Speciﬁcations for Highway Bridges (Japan Road
Association, 2002). Ground motions for Level II Earth-
quakes correspond to large-scale earthquakes with low
probabilities of occurrence within the service life of the
bridge. Level II Earthquake Ground Motion includes two
sub-categories, Types I and II. Type I earthquakes are
interpolate earthquakes, with relatively longer durations and
greater numbers of cycles, but smaller acceleration amplitudes.
Type II earthquakes are inland-strike-type earthquakes, with
relatively shorter durations, but greater acceleration ampli-
tudes. The present study takes only the horizontal component
into account, applied to the base of the foundations.
Fig. 1 shows the acceleration time histories and ARS
curves. The natural frequency of all the examined sub-
structures ranges from 0.35 s to 0.6 s, taking the founda-
tion stiffness into account. For this range, the ARS curvesooting size
LD (m)c
Key design parameters
Vdead/Vm Vdead/Vu for Level 1
earthquake
hG/B
d
 8 1.8 0.043 0.408 0.905
 11 2.2 0.038 0.332 1.081
.5 9.5 2.5 0.041 0.333 1.047
 8 1.5 0.074 0.378 1.501
5 8 1.5 0.066 0.366 1.595
ridge.
oil–footing interaction springs.
ength, D¼ footing depth.
and hG/B has no dimension.
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Fig. 1. Time histories and ARS curves of the considered earthquake
records. (a) Type I earthquake (2003 Tokachi-oki, HKD098) and (b) Type
II earthquake (1995 Hyogo-ken Nanbu, JMA-Kobe).
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levels. This means that differences in the natural frequen-
cies of the examined bridges should not be the main cause
of differences in the seismic permanent displacements of
the shallow foundations for the present study.
4. Examined design parameters and their relationship to
Japan’s highway bridge speciﬁcations
The present study carefully observes the permanent
settlement and rotation remaining after rare-scale earth-
quakes. As will be described later, the calculated perma-
nent horizontal displacement of the footings is negligible.
Accordingly, the present study takes into account the
following items out of typical design norms.
Check 1. Settlement at the rest position. In actual design
practices, especially for cohesionless soils, the allowablestress on the ground is sometimes checked instead of
directly calculating the settlements (Orr and Farrell, 1999;
Terzaghi and Peck, 1960). Similarly, the Japanese Speciﬁca-
tions for Highway Bridges (Japan Road Association, 2002)
require it be veriﬁed that the vertical soil resistance stress, q,
acting on the footing base is limited in order to avoid
excessive permanent settlement and the occurrence of the
uneven settlement of the footings under persistent loads:
qrqa ð1Þ
where the allowable maximum values, qa, are given for
classiﬁed soil categories, such as 400 kN/m2 for sturdy sand
bearing layers and 700 kN/m2 for sturdy gravel bearing
layers. These values are statistically derived from the
database of the yield soil resistance stress obtained from a
number of plate loading tests.
Check 2. Bearing capacities for normal situation and
conventional earthquake designs. The Japanese Speciﬁca-
tions for Highway Bridges (Japan Road Association, 2002)
employs a Terzaghi-type of bearing capacity formula based
on the rigid plastic theory
QU ¼Aefsckc0NcðtanyÞScþkq0NqðtanyÞSqþsg0:5g0BeNgðtanyÞSgg
ð2Þ
where QU is the bearing capacity (kN), c
0 is the effective
cohesion (kN/m2), q0 is the effective overburden stress at the
footing base level (kN/m2), g0 is the effective unit weight of the
soil below the footing base (kN/m3), sc and sg are the non-
dimensional shape factors, k is the nondimensional depth
factor, Nc, Nq, and Ng are the non-dimensional bearing
capacity factors, Sc, Sq, and Sg are the non-dimensional scale
factors, and y is the degree of load inclination, Ae is the
effective footing base area (m2). The effect of load inclinations
is incorporated as a function of tany into the bearing capacity
factors by using what is known as the Komada Method
(Komada and Kamekou, 1966). Nc and Ng are obtained by
computing the Ko¨tter equation disregarding the weight of the
soil. This is an enhancement of the Prandtl method. Ng is as
given by Sokolovski (1965) considering the weight of the soil,
but not cohesion. The effects of load eccentricity are con-
sidered, when calculating Ae, by replacing full footing width B
with effective footing width, Be¼B2e, in the considered
direction, where e is the eccentricity distance of the resultant
load from the center of the footing. The scale factors have
been taken into account since 2002. Note that the values of the
bearing capacity factors and other factors are illustrated in the
Japanese Speciﬁcations for Highway Bridges (Japan Road
Association, 2002).
Check 3. Overturning or degree of load eccentricity. It must
be veriﬁed that the footings resist the overturning resulting
from the eccentricity of the resultant vertical force. The
Japanese Speciﬁcations for Highway Bridges (Japan Road
Association, 2002) requires that, for conventional earthquake
designs, the location of the resultant vertical force, e, must be
maintained within B/3 of the base center of the footing. This
means that the footing may be partially uplifted from the
underlying soil over half of the footing width at maximum,
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and B is the footing width in the rotation plane.
These design parameters can be generalized into the
following:
Parameter 1. A static safety margin, Vdead/Vm, as a
representative of any settlement criteria, where Vm is the
bearing capacity for the centered vertical loading and
Vdead/Vm is given no dimension, i.e., a static safety
margin is the inverse of the static safety factor.
Parameter 2. Vdead/QU for conventional earthquake
designs, where QU is the ultimate vertical bearing
capacity considering the effect of load eccentricity and
inclination corresponding to the design earthquake load
as set in the Japanese Speciﬁcations for Highway
Bridges (Japan Road Association, 2002).
Parameter 3. A slenderness ratio, hG/B, where it serves
an alternative, but more general parameter to account for
load eccentricity, e, where hG is the height of the gravity
center of the superstructure–pier-footing system, B is the
footing width, and hG/B is with no dimension. For
example, values e and e/(B/2) equal khhG and 2khhG/B,
respectively, where kh is the horizontal seismic coefﬁcient.
Note that, among the several design criteria shown
above, and others described in the Japanese Speciﬁcations
for Highway Bridges, the criterion of settlement at the rest
position tends to govern the size of the footings in practice
when compared to the bearing capacity criteria in normal
situation and conventional earthquake designs.5. Numerical modeling
As shown in Fig. 2, the mass and the rotation inertia of
the superstructure are modeled with a lumped mass. The
pier is assumed to respond linearly and is modeled with
Bernoulli–Euler beam elements. Moreover, the P-Delta
effect is considered with a geometric stiffness matrix of the
beam-column theory, assuming that the axial force in the
geometric matrix does not change from the initial state
during numerical simulation. An element lumped mass
matrix is also assigned to each beam element. The footingMV
H
u
s
CL
Macro element
Footing
Superstructure
Pier
Beam-column elements with
lumped masses at nodes
(considering the P-Δ effect)
=
θ M
H
V
u
s
3 x 3
Mass and rotation inertia
 
.
.
. .
.
.
Fig. 2. Schematic diagrams of the numerical model and the sign
convention of macro-element.is also modeled with a lumped mass, taking mass and
rotation inertia into account. Soil–footing interactions are
modeled with a new macro-element. The prime advantage
of using the present new model is that the present macro-
element is capable of approximating the permanent dis-
placement of the same order of the experimental results of
rare-scale shake table and cyclic loading tests, with just a
small degree of freedom, namely, 3 3. Due to page
restrictions, this paper shows only the compliance relation-
ship between the incremental force and the displacement of
shallow foundations in terms of the macro-element. Details
of the present macro-element and numerical calculations
for a superstructure–pier–shallow foundation system can
be seen in Shirato et al. (2008b), and the FORTRAN
subroutine source code is open in a PWRI report
(Nakatani et al., 2008).
As shown in Fig. 2, footing–underlying soil interactions
are modeled with a unique macro-element that describes
the coupled relationship between an incremental load set
_F ¼ ð _V ; _H ; _M ÞT transmitted from the supporting structure
to the base center of the footing and the corresponding
incremental displacement set _x ¼ ð_v; _u; _yÞT at the base
center of the footing:
f _xg ¼ ½Df _F g ð3Þ
where [D] is the 3 3 compliance matrix, i.e., the inverse of
the element stiffness matrix and the superscript T stands
for transposition. The loads and the displacements shown
in Fig. 2 are in positive directions, where V is the vertical
force, H is the horizontal force, M is the moment, v is the
vertical displacement, u is the horizontal displacement, and
y is the rotation.
The total displacement increment, f _xg, is broken down
into the irreversible displacement, f _xplg, and the reversible
displacement, f _xeug, as
f _xg ¼ f _xplgþf _xeug ð4Þ
where
f _xplg ¼ ½Dpl f _F g; f _xeug ¼ ½Deuf _F g; ð5Þ
where [Deu] is the elastic compliance considering the inﬂuence
of the partial uplift and [Dpl] is the plastic compliance.
The present macro-element employs the Nova–Montrasio
model for irreversible displacement. The Nova–Montrasio
model follows a non-associated ﬂow rule and isotropic
hardening. The yield locus, f, and the plastic potential
locus, g, are deﬁned in the V–H–M/B space as follows:
f ¼ h2þm2x2ð1x=rcÞ2z ¼ 0; ð6Þ
g¼ l2h2þw2m2x2ð1x=rgÞ2z ¼ 0; ð7Þ
h¼H=ðmVmÞ; m¼M=ðcBVmÞ; and x¼V=Vm; ð8Þ
where Vm is the bearing capacity in terms of centered
vertical loading, B is the foundation width, and rc and rg
are the parameters specifying the instantaneous size of the
yield and the plastic potential loci, respectively. z, m, c, l,
Table 2
Scope of earthquake waves considered.
# Earthquake type Earthquake name and magnitude Mj Record name Component PGA (Gal) SI value (cm)
1 Type I 2003 Tokachi-oki (Mj¼8.0) HKD098 Horizontal 2 0.36 72.4
2 Type II 1995 Hyogo-ken Nanbu (Mj¼7.3) JMA Kobe Horizontal 2 0.83 112.7
M
θeu− M / KR
Mα
−Mα
seu−V / KV
M
Mα−Mα
Fig. 3. Typical moment–rotation and moment–settlement behavior due to
the partial footing uplift.
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and the plastic potential loci in the V–H–M/B space. The
hardening function is given as follows:
rc ¼ 1expðR0xc=VmÞ ð9Þ
where R0 is the initial gradient of the V–s
pl curve for the
centered vertical loading. xc is the geometric mean of the
plastic components of s, u, and y, and it is deﬁned by the
following equation:
xc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsplÞ2þðaMuplÞ2þðgMByplÞ2
q
ð10Þ
where aM and gM are non-dimensional parameters. As rc
evolves and ﬁnally reaches 1, the yield surface coincides with
the bearing capacity surface, fcr:
fcr ¼ h2þm2þx2ð1xÞ2z ¼ 0 ð11Þ
As for the reversible displacement component, the
compliance is a typical diagonal matrix, comprised of the
inverses of the elastic vertical, translational, and rocking
springs, KV, KH, and Ky, respectively. Meanwhile, the
present macro-element takes non-diagonal parts into
account to express the uplift-induced nonlinear moment–
rotation and moment–vertical displacement (uplift) rela-
tionships. In summary, compliance [Deu] is described as
follows:
½Deu ¼
1=KV 0 D
up
13
0 1=KH 0
0 0 1=KRþDup33
2
64
3
75 ð12Þ
The typical relationships between the moment and the
uplift-induced rotation and between the moment and the
uplift-induced vertical displacement are shown in Fig. 3,
where the hysteresis models are based on a peak- and
origin-oriented rule with functions of both positive and
negative maximum moments, based on the authors’ experi-
mental observation (Shirato et al., 2008a).
Note that, in Fig. 3, the uplift-induced rotation and
vertical displacement will not be induced until the moment
reaches a threshold value, 7Ma, because the initial elastic
settlement is nonvanishing due to the dead loads. The
backbone curves of the Myup and Msup relationships
can be calculated using a Beam-on-Winkler Foundation
model, considering a prescribed dead load and the partial
uplift of the footing from the underlying soil. The deriva-
tion of D
up
13 and D
up
33 can be seen elsewhere (Shirato et al.,
2008b).Finally, the element increment compliance equation is
derived as follows:
f _xg ¼ ð½Deuþ½Dpl Þf _F g ð13Þ
The material parameters for the macro-element are
given as follows. The material parameters for the reversible
displacement components, such as the elastic spring con-
stants, are determined based on the elastic moduli and the
coefﬁcient of the subgrade reaction of the underlying soil.
They are given following the standards for calculating the
natural frequency of a bridge as described in the Seismic
Design part of the Japanese Speciﬁcations for Highway
Bridges (Japan Road Association, 2002).
However, we cannot refer to textbooks and design
manuals for the material parameters related to the plastic
displacement component. Accordingly, the present study
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Shirato et al. (2008b), based on the original recommenda-
tions by Nova and Montrasio (1991), unless further
explanation is provided below. The shape parameter of
the yield locus, m in Eq. (6), is the tangent at the origin on
the V–H plane, and the value of m is given as 0.6, referring
to a typical frictional angle between the footing and gravel
stones or rock beds given in the Japanese Speciﬁcations for
Highway Bridges (Japan Road Association, 2002). The
authors consider it more reasonable to apply a hardening
parameter value that varies with different soil strengths.
Accordingly, although there is no theoretical evidence, the
present study assumes the hardening parameter, R0, to be a
function of Vm/B, in which sturdy soils with greater
bearing capacities have higher hardening parameter values.
Based on the earlier results of two centered vertical loading
experiments of a strip footing model on medium dense
sand and dense sand (Shirato et al., 2008a), the present
study models the parameter as
R0 ¼ 100 Vm=B ð14Þ
where the units of R0, Vm, and B are kN/m, kN, and m,
respectively. Of course, future study is still needed to
propose reasonable ways to set a more relevant hardening
parameter value.
Finally, the equation of motion for a superstructure–
pier–shallow foundation system is given as follows:
M €xðtÞþH _xðtÞþKSxðtÞþFðtÞ ¼ pðtÞ ð15Þ
whereM is the mass matrix, H is the damping matrix, KS is
the stiffness matrix for the pier, F is the soil reaction force
matrix from the macro-element, and p is the external force
matrix. The Newmark-b scheme is used for the integration
with regard to time. Soil reaction force matrix F is
comprised of functions of the loads, and strictly speaking,
they continue to change during the time step from t¼ t to
t¼ tþdt. However, the macro-element is formulated in
rate form. Therefore, for simplicity, the soil reaction forces
are solved explicitly. Soil reaction forces of the macro-
element at t¼ tþdt are obtained as
FðtþdtÞ ¼ FðtÞþdFðtÞ ¼ FðtÞþCðtÞðxðtþdtÞxðtÞÞ ð16Þ
where C is the stiffness matrix of the macro-element,
C¼ ([Deu]þ [Dpl])1. The stiffness matrix of macro-element
C is set using the load at t¼ t, F(t), and it is assumed to be
unchanged during the time step from t¼ t to t¼ tþdt.
Instead of accepting these approximations, the incremental
time step, dt, was taken to be sufﬁciently small. The
common values of the parameters in the Newmark-b
method, g and b, are set at 0.5 and 0.25, respectively.
The damping matrix is set to be proportional to the
elastic stiffness. A dashpot coefﬁcient, corresponding to
5% of the critical damping, is taken into account for the
beam elements. For the macro-element, a 10% ratio
damping is considered for the elastic springs, KV, KH,
and KR. These dashpot coefﬁcients are within the ranges
recommended by the Japanese Speciﬁcations for HighwayBridges (Japan Road Association, 2002). Once a large
partial uplift of footing occurs, the rocking motion is likely
to be prominent and the rocking rigidity and damping are
likely to drastically change with changes in the effective
footing width. Accordingly, in each calculation case, a trial
calculation is conducted prior to the ﬁnal calculation to
obtain the equivalent secant rocking spring, K
0
R, that
corresponds to the largest rotation angle. Then,
in the ﬁnal calculation, damping constant CR is replaced
with C
0
R:
C
0
R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K
0
R=KR
q
 CR ð17Þ
taking advantage of a theory for simple single degree-of-
freedom systems instead of going into a cumbersome
convergence process in terms of the relationship between
K
0
R and the corresponding rocking-related predominant
vibration period.6. Numerical results
6.1. Typical dynamic behavior
Fig. 4 shows the response of a case in which severe
permanent settlement is obtained for the Type I wave,
where ag is the time history of the horizontal acceleration
of the ground (or base acceleration), atop and utop are the
horizontal acceleration and the displacement of the
superstructure, respectively, s and y are the vertical
displacement and the rotation of the base center of the
footing, respectively, and settlement is positive and down-
ward. The higher frequency contents in the acceleration
time history at the superstructure, atop, is reduced com-
pared to base acceleration ag after the peak acceleration
emerged. This is due to the nonlinearity in the moment–
rotation relationship stemming from the plastic ﬂow of
the soil and the partial uplift of the footing. The
numerical results also indicate that the horizontal dis-
placement of the superstructure is approximated by yL,
where L is the height of the gravity center of the super-
structure from the footing base. In the calculation results
found in this study, footing rotations are the predominant
displacement mode. There is little tendency for the
footing horizontal displacement to affect the displace-
ment of the superstructure, and consequently, we will
hereafter disregard the permanent horizontal displace-
ment of footings. As seen in the observed vertical
displacement time history of the footing, s, the center of
the footing vibrates up and down with the accumulating
permanent settlement. This rocking-induced permanent
settlement is in the order of 0.2% of the footing width, B,
almost the largest order of all the calculation results,
where the displacement at the end of the earthquake wave
input, namely t¼100 s for the Type I wave cases and
t¼35 s for the Type II wave cases, is considered as the
permanent displacement in the present study.
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Fig. 4. Typical time histories of base acceleration, ag, horizontal accel-
eration and displacement of the superstructure, atop and utop, respectively,
footing-rotation-induced horizontal displacements of the superstructure,
yL, and settlement and rotation of the footing, s and y, respectively.
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examined design parameters
Fig. 5 shows the relationships between the permanent
settlement, sr, normalized by the footing width, B, and
the examined design parameters, namely, the static safety
margin, Vdead/Vm, the slenderness parameter, hG/B, the
bearing capacity safety margin for conventional earth-
quake design, and Vdead/QU. sr/B is in no dimension. In
each graph, results for the Type I wave are plotted on the
lower side, while Type II wave results are plotted on the
upper side. In some cases, the value of QU becomes zero
for the reduced-size footings because the eccentricity of the
vertical load goes over the footing width. The normalized
permanent settlement increases with greater Vdead/Vm,
meaning that the permanent settlement increases with a
decreasing static safety factor. The seismic permanentsettlement also increases with an increasing slenderness,
hG/B, and seems to be a function of hG/B or (hG/B)
2.
Interestingly, however, the seismic bearing capacity safety
factor for conventional earthquake design, i.e., 1/(Vdead/
QU), does not seem to be a good indicator of the
performance of shallow foundations in rare-scale earth-
quakes, when compared to the static safety factor,
1/(Vdead/Vm), although both are associated with the bear-
ing capacity. As for the Type II wave, although the plots
are more scattered, there is still an increasing tendency in
sr/B with an increasing Vdead/Vm and hG/B.
Fig. 6 shows the relationship between the permanent
rotation angles of the footing, yr, and the values of the
examined design parameters. Based on Fig. 6, the permanent
rotation angle is again likely to be a function of Vdead/Vm
and hG/B, rather than Vdead/QU of conventional earthquake
designs.
To back up this observation, the following equations
can be calibrated for the results of Type I wave cases:
sr=B¼ 0:069Vdead=Vmþ0:0032hG=B0:0025 ð18Þ
yr ¼ 0:14Vdead=Vmþ0:0066hG=B0:011 ðradÞ ð19Þ
and for Type II wave cases:
sr=B¼ 0:028Vdead=Vmþ0:0011hG=Bþ0:0026 ð20Þ
yr ¼ 0:031Vdead=Vmþ0:0012hG=B0:0014 ðradÞ ð21Þ
Fig. 7 compares the permanent settlement and the
rotation of the examined substructures when using dynamic
analyses with the macro-element and applying correlation
Eqs. (18)–(21). The ﬁrst term of Vdead/Vm indicates the
degree of pressure on subsoils from the shallow foundation
at rest or the sturdiness of the bearing layer. Although
Vdead/Vm is a settlement criterion for persistent loads in the
design, the calculation results indicate that this also con-
trols the settlement during rare-scale earthquakes. This
corresponds to the fact that actual shallow foundations of
highway bridge in Japan have the extensive static safety
factors noted above and showed no harmful settlement
during the past rare-scale earthquakes. It is also worth
noting that the conservative choices regarding the bearing
stratums in the past, used to avoid damage from soil
liquefaction, were attributed to the value of Vm being large
enough. The second term of hG/B indicates the suscept-
ibility to the partial uplift during earthquakes. As usually
thought, the uplift of footing reduces the input earthquake
force. However, Eqs. (20) and (21) indicate that it is not
safe to expect too much from the reductions in force,
because, as hG/B increases, the plastic ﬂow tends to occur
more frequently during an earthquake due to the rotation,
resulting in a larger rotation-induced settlement and an
inclination of the footing.
The examined design parameter of Vdead/QU, for con-
ventional earthquake designs, is not a primary factor in the
seismic performance of rare-scale earthquakes. In consid-
ering the reason why Vdead/QU seems not to work so
effectively, let us review the typical practice of calculating
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M. Shirato et al. / Soils and Foundations 52 (2012) 346–355 353the vertical bearing capacity for conventional earthquake
designs. For simplicity, we herein ignore the effect of load
inclination, assuming H=0, because the horizontal resi-
dual displacement was found to be negligible in the resultsof the above computations. In addition, for simplicity, the
vertical force to a shallow foundation is supposed to be
constant at the dead load during an earthquake. Fig. 8(a)
delineates the bearing capacity locus in the V–H–M space
Vdead Vm
M
M increases while V = Vdead.
QU
V
M
Eccentricity e remains
constant with increasing M. 
e = M/V
Vm
e
Effective footing
width
Fig. 8. Typical load paths: In (a) reality and (b) as assumed in bearing
capacity calculations.
M. Shirato et al. / Soils and Foundations 52 (2012) 346–355354with a thick oval line. In practice, when checking the
pseudo-static stability of a shallow foundation, in terms of
the seismic bearing capacity, bearing capacity QU is calcu-
lated using a bearing capacity formula such as Eq. (2). The
effect of load eccentricity is considered by replacing the full
footing area (or width) with the effective footing area (or
width), where the effective footing area (or width) is the area
(or width) of a smaller footing having the resultant load in
its center, where e is the eccentricity from the center of the
full footing width, as seen in the two-dimensional problem
in Fig. 8(a). Since the constant value of e is given from the
combination of the design seismic lateral coefﬁcient and
dead loads, the load path considered in calculating QU can
be assumed, as is also shown in Fig. 8(a) by the thick line
arrow on the radial path. In safety factor format design,
QU/FsZVdead is checked, where Fs is the safety factor and
greater than 1.
The primary point to consider herein, however, is that
shallow foundations are subject to totally different load paths
during an earthquake than those assumed in the practice of
calculating the vertical bearing capacity, QU. As shown in
Fig. 8(b), in reality, only the moment (and horizontal load
disregarded herein) increase, while the vertical load isunchanged from the dead loads during an earthquake.
Shallow foundations never reach the ultimate force equili-
brium point on V¼QU and the ultimate force equilibrium
considered in typical designs does not match the actual
ultimate force equilibrium. Accordingly, checks by compar-
ing QU with Vdead in conventional seismic designs seem
meaningless.
The second point is that, nevertheless, checks for the
seismic bearing capacity, overturning, and the static safety
factor are related to each other. This is because the value
of QU increases with the decrease in load eccentricity e for
the design seismic force or with the increase in static
bearing capacity, Vm. Accordingly, one of these three
checks, i.e., in this case, the seismic bearing capacity, can
be subsequent to the other two factors, that is to say, the
overturning and static safety factors.
7. Concluding remarks
This study has presented the ﬁndings of parametric
dynamic computations using an elasto-plastic uplift
macro-element that has been developed by CAESAR,
PWRI, regarding the behavior of superstructure–pier–shal-
low foundation systems subjected to rare-scale earthquakes.
Notably, changes in the seismic permanent displacement of
footings were examined by reducing the size of the footings
while maintaining the size of the other structural compo-
nents. The numerical ﬁndings are summarized as follows:1. In particular, the static safety factor, i.e., the settlement
criterion for normal situations, and the kinematic
parameter, hG/B, i.e., overturning (or load eccentricity)
criterion for conventional earthquakes, are the primary
criteria for preventing the toppling of shallow founda-
tions even in rare-scale earthquakes.2. However, the safety factor in terms of seismic bearing
capacity QU for conventional earthquake designs may
not be a primary indicator of the permanent settlement
or the rotation of shallow foundations subjected to rare-
scale earthquakes.
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